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Abstract
Aiming to relate leptonic CP violating phase δ to the cosmological CP asymmetry, we
study the extension of MSSM by two quasi-degenerate (strictly degenerate at tree level) right-
handed neutrinos and consider all possible two texture zero 3 × 2 Yukawa matrices plus one
∆L = 2 dimension five (d = 5) operator contributing to the light neutrino mass matrix. We
classify all experimentally viable mass matrices, leading to several predictions, and analytically
derive predictive relations. We also relate the CP violating δ phase to the CP phase of the
thermal leptogenesis.
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1 Introduction
Although it’s great success, the standard model (SM) needs some extension. In order to accom-
modate atmospheric and solar [1], [2] neutrino data, the neutrino masses and mixings should be
generated via some reasonable extension. See-saw mechanism [3–9] realized by the introduction of
the heavy right-handed neutrinos (RHN), is simplest one for neutrino mass generation. Additional
an appealing feature of this extension is that it can also generate the needed amount of the baryon
asymmetry via leptogenesis [10] (for reviews see: [11–13]). Since the neutrino sector involves CP
phases and parameters (e.g. Dirac Yukawa couplings and heavy Majorana neutrino masses) which
are not measured so far, a priory it is impossible to make predictions unless some reduction of
model parameters are achieved. For this purpose, the texture zero Yukawa and/or Majorana mass
matrices have been investigated in the literature [14–31]. This approach, besides some predictions,
opens up a possibility of relating phase δ (appearing in neutrino oscillations) to the CP asymmetry
of the thermal leptogenesis [14–16], [32–35].
Since for a solution to the gauge hierarchy problem the supersymmetry appears to be a well
motivated framework, we consider the MSSM augmented with two RHN states. The latter being
quasi-degenerate in mass have potential to realize a resonant leptogenesis scenario [36–38] (and
[39–42] for recent discussions on resonant leptogenesis) which would not suffer from the gravitino
problem [43–46]. Noting also that the low scale SUSY has the dark matter candidate, the framework
we are considering, is well motivated from the several viewpoints.
With the two RHN’s we investigate texture zero 3×2 Dirac type Yukawa couplings, which lead
to the neutrino mass matrices with zero entries. On top of this, we augmented the Lagrangian
couplings with a single ∆L = 2 lepton number violating d = 5 operator, which allows to keep
some predictions and, at the same time, makes some mass matrices experimentally acceptable. It
turns out that only three Yukawa textures (out of nine) possess cosmological CP phase which we
relate to neutrino CP δ phase. All experimentally viable neutrino mass matrices lead to interesting
predictions, which we investigate in detail.
The paper is organized as follows. In section 2, we describe our framework and list all possible
two texture zero 3 × 2 Yukawa matrices. In section 3, resorting to the d = 5 operator and 3 × 2
Yukawa matrices we construct neutrino mass matrices. Simple example of possible generation of
d = 5 operators, we are exploiting, is also outlined. In section 4, parametrization of the lepton
mixing matrix is given and experimentally acceptable mass matrices are recognized. We investigate
these neutrino mass matrices and derive predictive relations, some of which are exact and very
applicable to analysis. In section 5, cosmological CP phase is related to the δ phase responsible for
the CP violation in neutrino oscillations. In Sect. 6 we conclude.
2 Two texture zero 3× 2 Yukawa matrices: 2T0Y32’s
Let us consider the lepton sector of MSSM augmented with two right-handed neutrinos N1 and N2.
The relevant Yukawa superpotential couplings are given by:
Wlept =We +Wν , We = l
TY diage e
chd, Wν = l
TYνNhu − 1
2
NTMNN, (2.1)
2
where hd and hu are down and up type MSSM Higgs doublet superfields respectively. N , l, e
c
denote:
N =
(
N1
N2
)
, lT = (l1, l2, l3), e
cT = (ec1, e
c
2, e
c
3). (2.2)
In the next section, upon deriving the neutrino mass matrices, together with couplings of Eq.
(2.1), the single d = 5 operator per the neutrino mass matrix will be applied. Because of this, in
comparison with the approach considered in [33], more two texture zero Yν Yukawa matrices will
be compatible with the current experiments. We will work in a basis in which the charged lepton
Yukawa matrix is diagonal and real:
Y diage = Diag(λe, λµ, λτ). (2.3)
As far as the RHN mass matrix MN is concerned, we will assume that it has the form:
MN =
(
0 1
1 0
)
M. (2.4)
This form of MN is crucial for our studies, since (2.4) at a tree level leads to the mass degeneracy
of the RHN’s, it has interesting implications for resonant leptogenesis [32], [33] and also, as we
will see below, for building predictive neutrino scenarios. In a spirit of [33], here we attempt to
classify specific texture zero scenarios with degenerate RHN’s which lead to predictions consistent
with experiments. The matrix Yν contains two columns. Since due to the form of MN there is an
exchange invariance N1 → N2, N2 → N1, it does not matter in which column of Yν we set elements
to zero. Thus, starting with the Yukawa couplings, we consider the following nine different 3 × 2
Yukawa matrices with two zero entries:
T1 =

 × 0× 0
× ×

 , T2 =

 × 0× ×
× 0

 , T3 =

 × ×× 0
× 0

 ,
T4 =

 0 0× ×
× ×

 , T5 =

 × 00 ×
× ×

 , T6 =

 × 0× ×
0 ×

 ,
T7 =

 × ×0 0
× ×

 , T8 =

 × ×× 0
0 ×

 , T9 =

 × ×× ×
0 0

 , (2.5)
where ”×”s stand for non-zero entries. Next, we factor out phases from these textures, in such a
way as to make maximal number of entries be real. As it turns out only T4, T7 and T9 will have
unfactorable phases. The latter should be relevant to the lepton asymmetry.
TEXTURE T1
Starting with T1 Yukawa matrix, we parameterize it and write in a form of factored out phases:
T1 =

a1eiα1 0a2eiα2 0
a3e
iα3 b3e
iβ3

 =

eix 0 00 eiy 0
0 0 eiz



a1 0a2 0
a3 b3

(eiω 0
0 eiρ
)
, (2.6)
3
with
ω = ρ+ α3 − β3, x = α1 + β3 − α3 − ρ, y = α2 + β3 − α3 − ρ, z = β3 − ρ. (2.7)
where ai, b3 and all phases are real. Below, in a similar way, we write down the remaining Yukawa
textures given in Eq.(2.5).
TEXTURE T2
T2 =

a1eiα1 0a2eiα2 b2eiβ2
a3e
iα3 0

 =

eix 0 00 eiy 0
0 0 eiz



a1 0a2 b2
a3 0

(eiω 0
0 eiρ
)
, (2.8)
with
ω = ρ+ α2 − β2, x = α1 + β2 − α2 − ρ, y = β2 − ρ, z = α3 + β2 − α2 − ρ. (2.9)
TEXTURE T3
T3 =

a1eiα1 b1eiβ1a2eiα2 0
a3e
iα3 0

 =

eix 0 00 eiy 0
0 0 eiz



a1 b1a2 0
a3 0

(eiω 0
0 eiρ
)
, (2.10)
with
ω = ρ+ α1 − β1, x = β1 − ρ, y = α2 − α1 + β1 − ρ, z = α3 − α1 + β1 − ρ. (2.11)
TEXTURE T4
T4 =

 0 0a2eiα2 b2eiβ2
a3e
iα3 b3e
iβ3

 =

eix 0 00 eiy 0
0 0 eiz



 0 0a2 b2
a3 b3e
iφ

(eiω 0
0 eiρ
)
, (2.12)
with
ω = α2 − β2 + ρ, y = β2 − ρ, z = α3 − α2 + β2 − ρ, φ = α2 − α3 + β3 − β2. (2.13)
TEXTURE T5
T5 =

a1eiα1 00 b2eiβ2
a3e
iα3 b3e
iβ3

 =

eix 0 00 eiy 0
0 0 eiz



a1 00 b2
a3 b3

(eiω 0
0 eiρ
)
, (2.14)
with
ω = ρ+ α3 − β3, x = α1 + β3 − α3 − ρ, y = β2 − ρ, z = β3 − ρ. (2.15)
TEXTURE T6
T6 =

a1eiα1 0a2eiα2 b2eiβ2
0 b3e
iβ3

 =

eix 0 00 eiy 0
0 0 eiz



a1 0a2 b2
0 b3

(eiω 0
0 eiρ
)
, (2.16)
with
ω = ρ+ α2 − β2, x = α1 + β2 − α2 − ρ, y = β2 − ρ, z = β3 − ρ. (2.17)
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TEXTURE T7
T7 =

a1eiα1 b1eiβ10 0
a3e
iα3 b3e
iβ3

 =

eix 0 00 eiy 0
0 0 eiz



a1 b10 0
a3 b3e
iφ

(eiω 0
0 eiρ
)
, (2.18)
with
ω = ρ+ α1 − β1, x = β1 − ρ, z = α3 − α1 + β1 − ρ, φ = α1 − α3 − β1 + β3. (2.19)
TEXTURE T8
T8 =

a1eiα1 b1eiβ1a2eiα2 0
0 b3e
iβ3

 =

eix 0 00 eiy 0
0 0 eiz



a1 b1a2 0
0 b3

(eiω 0
0 eiρ
)
, (2.20)
with
ω = ρ+ α1 − β1, x = β1 − ρ, y = α2 − α1 + β1 − ρ, z = β3 − ρ. (2.21)
TEXTURE T9
T9 =

a1eiα1 b1eiβ1a2eiα2 b2eiβ2
0 0

 =

eix 0 00 eiy 0
0 0 eiz



a1 b1a2 b2eiφ
0 0

(eiω 0
0 eiρ
)
, (2.22)
with
ω = α1 − β1 + ρ, x = β1 − ρ, y = α2 − α1 + β1 − ρ, φ = α1 − β1 − α2 + β2. (2.23)
The phases x, y and z can be eliminated by proper redefinition of the states l and ec. As far as the
phases ω and ρ are concerned, because of the form of theMN matrix (2.4), also they will turn out to
be non-physical. This is the one main difference of our construction from the scenarios considered
earlier [34]. As we see, in textures T4, T7 and T9 there remains one unremovable phase φ (i.e. in
the second matrices of the r.h.s of Eqs. (2.12) (2.18) and (2.22) respectively). This physical phase
φ is relevant to the leptogenesis [33] and also, as we will see below, it will be related to phase δ,
determined from the neutrino sector.
3 Neutrino mass matrices derived from 2T0Y32’s and one
d = 5 operator
Integrating the RHN’s, from the superpotential couplings of Eq. (2.1), using the see-saw formula,
we get the following contribution to the light neutrino mass matrix:
Mssν = 〈h0u〉2YνM−1N Y Tν . (3.1)
For Yν in (3.1) the textures Ti listed in the previous section should be used in turn. All obtained
matrices Mssν , if identified with light neutrino mass matrices, will give experimentally unacceptable
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results. The reason is the number of texture zeros which we have in Ti and MN matrices. In order
to overcome this difficulty we include the following d = 5 operator:
O5ij ≡
d˜5e
ix5
2M∗
liljhuhu (3.2)
where d˜5, x5 and M∗ are real parameters. For each case, we will include a single term of the type
of Eq. (3.2). The latter, together with (3.1) will contribute to the neutrino mass matrix. This will
allow to have viable models and, at the same time because of the minimal number of the additions,
we will still have predictive scenarios. The operators (3.2) can be obtained by another sector in such
a way as to not affect the forms of Ti and MN matrices. We comment about this in Sect. 3.1. Here,
we just consider operators (3.2) without specifying their origin and investigate their implications.
Recall that, in the previous section, we have written the Yukawa textures in the form:
Yν = P1Y
R
ν P2, (3.3)
where P1, P2 are diagonal phase matrices and Y
R
ν is either a real matrix or contains only one phase
(for T4, T7 and T9). Making the field phase redefinitions:
l′ = P1l, N
′ = P2N, (e
′)c = P ∗1 e
c (3.4)
with:
P1 =

eix 0 00 eiy 0
0 0 eiz

 , P2 =
(
eiω 0
0 eiρ
)
(3.5)
the superpotential coupling will become:
We = (l
′)TY diage (e
′)chd, Wν = (l
′)TY Rν N
′hu − 1
2
(N ′)TM ′NN
′ (3.6)
with:
M ′N =
(
0 1
1 0
)
M˜, M˜ = e−i(ω+ρ)M. (3.7)
Now, for simplification of the notations, we will get rid of the primes (i.e. perform l′ → l, ec′ → ec,...)
and in Eq. (3.1) using Y Rν instead of Yν , from different Ti textures we get corresponding M
ss
ν , and
then adding the operator (3.2), obtain the final neutrino mass matrix.
From textures T1,2,3 we obtain:
MT1 =

 0 0 a1b30 0 a2b3
a1b3 a2b3 2a3b3

 m¯, MT2 =

 0 a1b2 0a1b2 2a2b2 a3b2
0 a3b2 0

 m¯, MT3 =

2a1b1 a2b1 a3b1a2b1 0 0
a3b1 0 0

 m¯,
(3.8)
where m¯ = 〈h0u〉2/M˜ . It is easy to verify that adding one d = 5 operator mass term to any entry
of these mass matrices will not make them experimentally acceptable. Thus, discarding them we
move to the remaining textures.
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From texture T4:
MT4 =

0 0 00 2a2b2 a3b2 + a2b3eiφ
0 a3b2 + a2b3e
iφ 2a3b3e
iφ

 m¯. (3.9)
Adding the d = 5 operators to zero entries of this matrix, we will get three different neutrino mass
matrices. Therefore, addition of (3.2) type term will be performed in the (1,1), (1,2) and (1,3) en-
tries respectively. Since the phase x in Eqs. (2.12), (2.13) is undetermined, we can shift the phase of
state l1 in such a way as to match the phase of the (3.2) operator with the phase of m¯. Thus, this ad-
dition will not introduce additional phases inside the neutrino mass matrices. They will have forms:
M
(11)
T4
=

d5 0 00 2a2b2 a3b2 + a2b3eiφ
0 a3b2 + a2b3e
iφ 2a3b3e
iφ

 m¯, (3.10)
M
(12)
T4
=

 0 d5 0d5 2a2b2 a3b2 + a2b3eiφ
0 a3b2 + a2b3e
iφ 2a3b3e
iφ

 m¯, (3.11)
M
(13)
T4
=

 0 0 d50 2a2b2 a3b2 + a2b3eiφ
d5 a3b2 + a2b3e
iφ 2a3b3e
iφ

 m¯, (3.12)
where d5 is a real parameter: d5 = −d˜5M˜/M∗. By similar way, we will get the other neutrino mass
matrices using the remaining Yukawa textures. Also, one can make sure that for those remaining
cases there are undetermined phases [see Eqs: (2.14)-(2.23)] and their proper shift can match the
phase of the term (3.2) with m¯. Therefore, below, without loss of any generality we can take the
parameter d5 (in the neutrino mass matrices) to be real.
From texture T5:
MT5 =

 0 a1b2 a1b3a1b2 0 a3b2
a1b3 a3b2 2a3b3

 m¯. (3.13)
M
(11)
T5
=

 d5 a1b2 a1b3a1b2 0 a3b2
a1b3 a3b2 2a3b3

 m¯, M (22)T5 =

 0 a1b2 a1b3a1b2 d5 a3b2
a1b3 a3b2 2a3b3

 m¯. (3.14)
From texture T6:
MT6 =

 0 a1b2 a1b3a1b2 2a2b2 a2b3
a1b3 a2b3 0

 m¯. (3.15)
M
(33)
T6
=

 0 a1b2 a1b3a1b2 2a2b2 a2b3
a1b3 a2b3 d5

 m¯, M (11)T6 =

 d5 a1b2 a1b3a1b2 2a2b2 a2b3
a1b3 a2b3 0

 m¯. (3.16)
7
From texture T7:
MT7 =

 2a1b1 0 a3b1 + a1b3eiφ0 0 0
a3b1 + a1b3e
iφ 0 2a3b3e
iφ

 m¯. (3.17)
M
(22)
T7
=

 2a1b1 0 a3b1 + a1b3eiφ0 d5 0
a3b1 + a1b3e
iφ 0 2a3b3e
iφ

 m¯, (3.18)
M
(12)
T7
=

 2a1b1 d5 a3b1 + a1b3eiφd5 0 0
a3b1 + a1b3e
iφ 0 2a3b3e
iφ

 m¯, (3.19)
M
(23)
T7
=

 2a1b1 0 a3b1 + a1b3eiφ0 0 d5
a3b1 + a1b3e
iφ d5 2a3b3e
iφ

 m¯. (3.20)
From texture T8:
MT8 =

2a1b1 a2b1 a1b3a2b1 0 a2b3
a1b3 a2b3 0

 m¯. (3.21)
M
(22)
T8
=

 2a1b1 a2b1 a1b3a2b1 d5 a2b3
a1b3 a2b3 0

 m¯, M (33)T8 =

 2a1b1 a2b1 a1b3a2b1 0 a2b3
a1b3 a2b3 d5

 m¯. (3.22)
From texture T9:
MT9 =

 2a1b1 a2b1 + a1b2eiφ 0a2b1 + a1b2eiφ 2a2b2eiφ 0
0 0 0

 m¯. (3.23)
M
(13)
T9
=

 2a1b1 a2b1 + a1b2eiφ d5a2b1 + a1b2eiφ 2a2b2eiφ 0
d5 0 0

 m¯, (3.24)
M
(23)
T9
=

 2a1b1 a2b1 + a1b2eiφ 0a2b1 + a1b2eiφ 2a2b2eiφ d5
0 d5 0

 m¯, (3.25)
M
(33)
T9
=

 2a1b1 a2b1 + a1b2eiφ 0a2b1 + a1b2eiφ 2a2b2eiφ 0
0 0 d5

 m¯. (3.26)
We have shown that only T4, T7 and T9 2T0Y32’s give rise to complex mass matrices and that
complexity, i.e. phase δ in the lepton mixing matrix, arises through (3.1) — from complex 2T0Y32’s
— and not from an x5 phase.
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3.1 Possible origin of d = 5 operators
The d = 5 operator coupling [see Eq. (3.2)] in our case has been directly introduced in the neutrino
mass matrices. Here we give one example of possible generation of d = 5 operators we are exploiting
within our setup. Besides being of a quantum gravity origin, such d = 5 couplings can be generated
from a different sector via renormalizable interactions. For instance, introducing the pair of MSSM
singlet states N , N and the superpotential couplings
λ(i)liNhu + λ¯(j)ljNhu −M∗NN , (3.27)
it is easy to verify that integration of the heavy N , N multiplets leads to the operator in Eq. (3.2)
with
d˜5e
ix5 = 2λ(i)λ¯(j) . (3.28)
Important ingredient here is to maintain forms of the resulting mass matrices and do not mix the
states N , N with RHN’s N1,2. This can be achieved by some (possible flavor) symmetries (which
we do not pursue here). Perhaps a safer way to generate those ∆L = 2 effective couplings would
be to proceed in a spirit of type II [47–49], or type III [50], [51] see-saw mechanisms, or exploit
alternative possibilities [52–62]. through the introduction of appropriate extra states. Details of
such scenarios should be pursued elsewhere.
4 Analyzing neutrino mass matrices
Since we are working in a basis of a diagonal charged lepton mass matrix, lepton mixing matrix U
entirely comes from the neutrino sector. Therefore, the following equality holds:
Mν = PU
∗P
′
Mdiagν U
+P (4.1)
where
Mdiagν = (m1, m2, m3), P = Diag(e
iω1, eiω2 , eiω3), P
′
= Diag(1, eiρ1 , eiρ2) (4.2)
U =

 c13c12 c13s12 s13e−iδ−c23s12 − s23s13c12eiδ c23c12 − s23s13s12eiδ s23c13
s23s12 − c23s13c12eiδ −s23c12 − c23s13s12eiδ c23c13

 (4.3)
where mi denote neutrino masses. U given in Eq. (4.3) is the standard parametrization used in the
literature (see for instance [1], [63]). The relation (4.1) turns out to be convenient and useful for
neutrino mass matrix analysis. Numerical values of oscillation parameters both, for normal (NH)
and inverted (IH) hierarchies can be found in [2]. Thus, for these mass orderings we will use the
following notations:
For normal hierarchy (NH):
∆m2sol = m
2
2 −m21, ∆m2atm = m23 −m22, m1 =
√
m23 −∆m2atm −∆m2sol, m2 =
√
m23 −∆m2atm
(4.4)
For inverted hierarchy (IH)
∆m2atm = m
2
2 −m23, ∆m2sol = m22 −m21, m1 =
√
m23 +∆m
2
atm −∆m2sol, m2 =
√
m23 +∆m
2
atm
(4.5)
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4.1 Types of neutrino mass matrices
Complex 3×3 Majorana type neutrino mass matrices with more than two independent zero entries
are all excluded by current experiments. As it turns out, experimental data also exclude the
possibility of real neutrino mass matrices with two independent zero entries. This was noticed
earlier upon studies of the texture zero neutrino mass matrices [14], [15], [18], [19]. Therefore,
experimentally viable neutrino mass matrices, from our 3 × 2 Yukawa textures (listed in Sect. 2)
should be produced by T4, ..., T9 giving either neutrino mass matrices with two independent zero
entries and the complex phase, or the one zero entry real neutrino mass matrices (via textures T5,
T6, T8 and one d=5 operator). Two zero entry complex neutrino mass matrices (we have obtained)
have forms:
P1 =

 0 × 0× × ×
0 × ×

 , P2 =

 0 0 ×0 × ×
× × ×

 , P3 =

 × 0 ×0 0 ×
× × ×

 , P4 =

 × × 0× × ×
0 × 0

 .
(4.6)
These types of textures correspond to the following mass matrices, we have obtained:
P1-type: M
(12)
T4
, P2-type: M
(13)
T4
, P3-type: M
(23)
T7
, P4-type: M
(23)
T9
As far as the one zero entry neutrino mass matrices are concerned we are getting the following
types of real mass matrices:
P5 =

 0 × ×× × ×
× × ×

 , P6 =

 × × ×× 0 ×
× × ×

 , P7 =

 × × ×× × ×
× × 0

 . (4.7)
Also here, we indicate the correspondence of P5,6,7 textures to the appropriate neutrino mass ma-
trices we have obtained: P5-type: M
(22)
T5
, M
(33)
T6
, P6-type: M
(11)
T5
, M
(33)
T8
and P7-type:
M
(11)
T6
, M
(22)
T8
.
4.2 Predictions from P1,2,3,4 type neutrino mass matrices
Here we analyze neutrino mass matrices with two independent zero entries. As we will see, for each
case we will get several predictions.
TYPE P1
Structure of the P1 in Eq.(4.6) imposes the following conditions: M
(1,1)
ν = 0 and M
(1,3)
ν =0, which
taking into account (4.1)-(4.3) give the following relations:
m1
m3
c212 +
m2
m3
s212e
iρ1 = −t213ei(ρ2+2δ) (4.8)
and
−
(
m1
m3
− m2
m3
eiρ1
)
t23s12c12 − s13ei(ρ2+δ) + s13e−iδ
(
m1
m3
c212 +
m2
m3
s212e
iρ1
)
= 0 (4.9)
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Using (4.8) in the last term of (4.9) we obtain:(
m1
m3
− m2
m3
eiρ1
)
t23s12c12 + s13e
i(ρ2+δ) + s13t
2
13e
i(ρ2+δ) = 0 (4.10)
which gives:
m3s13(1 + t
2
13) = |m1 −m2eiρ1 |t23s12c12 (4.11)
while from Eq. (4.8) we have:
m3t
2
13 = |m1c212 +m2s212eiρ1 |. (4.12)
We can exclude phase ρ1 from (4.11) and (4.12) to obtain:
m23(t
4
13 + s
2
13 cot
2
23(1 + t
2
13)
2) = m21c
2
12 +m
2
2s
2
12 (4.13)
From which, based on recent experimental data [2] inverted hierarchical pattern (IH) is excluded.
For normal hierarchical neutrinos from (4.13), with (4.4) we get
m23 =
∆m2atm +∆m
2
solc
2
12
1− s213 cot223(1 + t213)2 − t413
. (4.14)
Using sin2 θ23 = 0.49, the best fit values for the remaining mixing angles [2] and also the best fit
values for the atmospheric and solar neutrino mass squared differences:
∆m2atm = 0.002382 eV
2, ∆m2sol = 7.5× 10−5 eV2 (4.15)
from (4.14) we obtain for NH:
m1 = 0.00613 eV, m2 = 0.0106 eV, m3 = 0.0499 eV. (4.16)
Using these, from (4.12) we predict:
cos ρ1 =
m23t
4
13 −m21c412 −m22s412
2m1m2c212s
2
12
⇒ ρ1 = ±3.036, (4.17)
while from (4.8) and (4.10) we have:
δ = arg[m1c
2
12 +m2s
2
12e
iρ1 ]− arg[m1 −m2eiρ1 ],
ρ2 = ±pi − arg[m1c212 +m2s212eiρ1 ] + 2 arg[m1 −m2eiρ1 ]. (4.18)
With numbers given in (4.16) and (4.17), from (4.18) we obtain:
δ = ±0.378, ρ1 = ±3.036, ρ2 = ±2.696, mββ = 0, (4.19)
where the neutrino-less double beta decay parameter mββ is determined as: mββ = |m1c212c213 +
m2e
iρ1c213s
2
12 +m3e
iρ2s213e
2iδ|. We summarize our results in Table 1.
δ ρ1 ρ2 works with
δ = ±0.378 ρ1 = ±3.036 ρ2 = ±2.696
NH, sin2 θ23 = 0.49 and best
fit values for remaining oscillation parameters,
(m1, m2, m3) = (0.00613, 0.0106, 0.0499), mββ = 0
Table 1: Results from P1 type texture. Masses are given in eVs.
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TYPE P2
In this case M
(1,1)
ν = 0 and M
(1,2)
ν =0 and together with Eq.(4.8), the following relation holds:
−
(
m1
m3
− m2
m3
eiρ1
)
s12c12 + s13t23e
i(ρ2+δ) − s13t23e−iδ
(
m1
m3
c212 +
m2
m3
s212e
iρ1
)
= 0. (4.20)
Using (4.8) in the last term of (4.20) we obtain:
−
(
m1
m3
− m2
m3
eiρ1
)
s12c12 + s13t23e
i(ρ2+δ) + s13t23t
2
13e
i(ρ2+δ) = 0 (4.21)
which gives:
m3s13t23(1 + t
2
13) = |m1 −m2eiρ1 |s12c12. (4.22)
Excluding phase ρ1 from Eqs. (4.22) and (4.12)[which is derived from Eq.(4.8), i.e. the condition
M
(1,1)
ν = 0] we obtain:
m23(t
4
13 + s
2
13t
2
23(1 + t
2
13)
2) = m21c
2
12 +m
2
2s
2
12 (4.23)
Last relation makes obvious that the IH case is excluded. On the other hand, for NH neutrinos,
from (4.23), with (4.4) we get:
m23 =
∆m2atm +∆m
2
solc
2
12
1− s213t223(1 + t213)2 − t413
. (4.24)
After finding the value of m3 and remaining masses,
(m1, m2, m3) = (0.00501, 0.01, 0.04982) eV. (4.25)
Eqs. (4.20) and (4.21) allow to calculate the phases:
cos ρ1 =
m23t
4
13 −m21c412 −m22s412
2m1m2c
2
12s
2
12
⇒ ρ1 = ∓2.828, (4.26)
δ = ±pi + arg[m1c212 +m2s212eiρ1 ]− arg[m1 −m2eiρ1 ],
ρ2 = ∓pi − arg[m1c212 +m2s212eiρ1 ] + 2 arg[m1 −m2eiρ1 ]. (4.27)
Using the best fit values of measured parameters [2] for NH we obtain results
δ = ±1.924, ρ1 = ∓2.828, ρ2 = ∓1.715, mββ = 0, (4.28)
which are summarized in Table 2:
δ ρ1 ρ2 works with
δ = ±1.924 ρ1 = ∓2.828 ρ2 = ∓1.715
NH and best fit
values of oscillation parameters,
(m1, m2, m3) = (0.00501, 0.01, 0.04982), mββ = 0
Table 2: Results from P2 type texture. Masses are given in eVs.
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P1 and P2 neutrino textures were studied in [18–24]. Our analytical expressions, allowing thorough
investigations, are compact and exact. To analyze the textures P3 and P4 it is convenient to note,
that equation M
(i,j)
ν = 0 can be written as: A2×m2eiρ1 +A3×m3eiρ2 = A1×m1. When two mass
matrix elements are equal to zero we have a pair of similar equations which we write in a matrix
form: (
A2 A3
B2 B3
)(
m2e
iρ1
m3eiρ2
)
=
(
A1m1
B1m1
)
. (4.29)
From these equations we have:
m2e
iρ1 =
1
A2B3 −A3B2 (B3A1 −A3B1)m1, m3e
iρ2 =
1
A2B3 −A3B2 (A2B1 − B2A1)m1 (4.30)
or,
m22 =
|B3A1 − A3B1|2
|A2B3 − A3B2|2m
2
1, m
2
3 =
|A2B1 −B2A1|2
|A2B3 −A3B2|2m
2
1 (4.31)
and
∆m2sol
±∆m2atm
=
|B3A1 − A3B1|2 − |A2B3 − A3B2|2
|A2B1 − B2A1|2 − |B3A1 − A3B1|2 , (4.32)
where ”+” and ”-” signs correspond to normal and inverted hierarchies respectively. Eq. (4.32) is
the relation for calculating the value of δ. At the same time (after knowing the δ), from Eq. (4.31)
and (4.4)/(4.5) the neutrino masses can be calculated. After these, with relations in Eq. (4.30) the
phases ρ1 and ρ2 can be found. Below, we use this procedure for the textures P3 and P4.
TYPE P3
For this case we have:
A1 = −U∗11U †12, A2 = U∗12U †22, A3 = U∗13U †32, B1 = −U∗21U †12, B2 = U∗22U †22, B3 = U∗23U †32
and using these in Eqs. (4.30)-(4.32), for NH and IH neutrino mass ordering, we get results which
are summarized in Table 3.
δ ρ1 ρ2 works with
δ = ±1.547 ρ1 = ±0.0615 ρ2 = ∓3.098
NH and best fit values
of oscillation parameters,
(m1, m2, m3) =
(0.07213, 0.07265, 0.08752),
mββ = 0.0726
δ = ±1.579 ρ1 = ∓0.0998 ρ2 = ±3.0726
IH and best fit values
of oscillation parameters,
(m1, m2, m3) =
(0.07195, 0.07247, 0.05294),
mββ = 0.0716
Table 3: Results from P3 type texture. Masses are given in eVs.
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TYPE P4
For this case we have:
A1 = −U∗11U †13, A2 = U∗12U †23, A3 = U∗13U †33, B1 = −U∗31U †13, B2 = U∗32U †23, B3 = U∗33U †33.
For this case NH works with sin2 θ23 larger by 1σ from the best fit value. However, IH case requires
a lower value of sin2 θ23. Using above relations in Eqs. (4.30)-(4.32), for NH and IH cases we get
results which are summarized in Table 4.
δ ρ1 ρ2 works with
δ = ±1.575 ρ1 = ∓0.0127 ρ2 = ±3.133
NH and sin2 θ23 = 0.51 and best fit values
for remaining oscillation parameters,
(m1, m2, m3) =
(0.171701, 0.171919, 0.1787),
mββ = 0.1719
δ = ±1.5705 ρ1 = ±0.00622 ρ2 = ∓3.137
IH and sin2 θ23 = 0.495 and best fit values
for remaining oscillation parameters,
(m1, m2, m3) =
(0.2513, 0.25145, 0.2465),
mββ = 0.2512
Table 4: Results from P4 type texture. Masses are given in eVs.
Our results for the textures P3 and P4 are compatible with ones [18–25], obtained before.
3
4.3 Predictions from real one zero entry neutrino textures - P5,6,7
Now we turn to the analysis of the one texture zero neutrino mass matrices we have obtained in
Section 3. They fall in the category of the P5,6,7 type mass matrices given in Eq. (4.7). One texture
zero neutrino mass matrices were investigated in [26–30]. In our construction, these mass matrices
are real. This makes them more predictive.
TYPE P5
In this case, our construction implies φ=0 and all elements of the lepton mixing matrix are real (i.e.
δ=0 or pi). Therefore, together with M
(1,1)
ν =0 we have to match phases of both sides of Eq.(4.1).
This turns out to be impossible for ρ1, ρ2 not equal to either 0 or pi , because we have only three
free phases ω1,2,3. Thus, it turns out that only normal hierarchical scenario will be allowed with
δ = 0 or pi. With these, and from the condition M
(1,1)
ν =0, we get
tan θ13 =
(
−c1c2s212
m2
m3
− c2c212
m1
m3
) 1
2
, (4.33)
where c1 and c2 stand for cos ρ1 and cos ρ2 respectively. This relation can be satisfied by special
selection of the neutrino masses and ρ1,2 = 0 or pi. Since two mass square differences are fixed from
3Some of these works used the earlier experimental data. We have made sure, that with those inputs, we would
get similar results.
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the neutrino data, only one free mass is available, which we choose to be m3. The latter is tightly
constrained via Eq.(4.33). Thus, the model predicts three neutrino masses and the phases. For the
best fit values of the oscillation parameters [2] for NH we obtain solutions:
m1 = 0.002268 eV, m2 = 0.008952 eV, m3 = 0.04962 eV,
with mββ = 0, δ = 0 or pi, ρ1 = pi, ρ2 = 0 (4.34)
and
m1 = 0.010677 eV, m2 = 0.006245 eV, m3 = 0.04996 eV,
with mββ = 0, δ = 0 or pi, ρ1 = pi, ρ2 = pi. (4.35)
By the similar analysis, we can easily make sure that inverted hierarchy is not allowed within our
construction for this P5 type texture.
TYPE P6
For this case, the condition M
(2,2)
ν = 0 gives the following expression for θ12:
tan θ12 =
c23s23sˆ13(m2c1 −m1)
m1c
2
23 +m2s
2
23s
2
13c1 +m3s
2
23c
2
13c2
±
√
c223s
2
23s
2
13(m2c1 −m1)2 − (m1c223 +m2s223s213c1 +m3s223c213c2)(m1s223s213 +m2c223c1 +m3s223c213c2)
m1c
2
23 +m2s
2
23s
2
13c1 +m3s
2
23c
2
13c2
(4.36)
where, c1 and c2 stand for cos ρ1 and cos ρ2 respectively. sˆ13 = ±s13 and a ”+” corresponds to δ = 0
and a ”-” sign to δ = pi. So, this equation will include all cases. Some cases work with the best fit
values (BFV) of the oscillation parameters [2], while some cases work only with deviations from the
BFV. We will allow some of these parameters to vary within a 3σ range. Results are summarized
in Table 5.
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δ p ρ1 ρ2 works with
0 - 0 pi
IH, by best fit values of oscillation parameters,
(m1, m2, m3) = (0.07613, 0.07662, 0.0585), mββ = 0.0733
pi - 0 pi
IH, by best fit values of oscillation parameters,
(m1, m2, m3) = (0.07635, 0.07684, 0.05878), mββ = 0.07354
0 - 0 pi
NH, by best fit values of oscillation parameters,
(m1, m2, m3) = (0.06353, 0.06412, 0.08058), mββ = 0.06056
pi - 0 pi
NH, by best fit values of oscillation parameters,
(m1, m2, m3) = (0.06315, 0.06374, 0.08028), mββ = 0.0602
pi + pi 0
IH, by best fit values of oscillation parameters,
(m1, m2, m3) = (0.05735, 0.058, 0.03024), mββ = 0.02246
0 + pi 0
IH, by best fit values of oscillation parameters,
(m1, m2, m3) = (0.04879, 0.04955, 0.002516), mββ = 0.0185
pi + pi 0
NH, sin2 θ13 = 0.0218, sin
2 θ23 ∈ [0.382, 0.4], m3 ∈ [0.12, 0.3], sin2 θ12 = [0.27, 0.297],
mββ ∈ [0.052, 0.14],
∑
mi ∈ [0.34, 0.9]
0 + pi pi
IH, sin2 θ13 = 0.0218, sin
2 θ23 ∈ [0.552, 0.644], m3 ∈ [0, 0.002], sin2 θ12 = [0.313, 0.344],
mββ ∈ [0.0146, 0.0176]
Table 5: Results from P6 type texture. ”p” stands for a sign of a square root in (4.36). Masses are
given in eVs.
TYPE P7
For this case, the condition M
(3,3)
ν = 0 gives:
tan θ12 =
c23s23sˆ13(m1 −m2c1)
m1s223 +m2c
2
23s
2
13c1 +m3c
2
23c
2
13c2
±
√
c223s
2
23s
2
13(m1 −m2c1)2 − (m1s223 +m2c223s213c1 +m3c223c213c2)(m1c223s213 +m2s223c1 +m3c223c213c2)
m1s
2
23 +m2c
2
23s
2
13c1 +m3c
2
23c
2
13c2
(4.37)
Notations here are similar to those for case P6 [see comment after Eq. (4.36)]. Results are summa-
rized in Table 6. As above, we have used data from Ref. [2].
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δ p ρ1 ρ2 works with
0 + pi 0
IH, by best fit values of oscillation parameters,
(m1, m2, m3) = (0.9997, 0.10034, 0.08729), mββ = 0.04
0 - 0 pi
IH, sin2 θ23 ∈ [0.389, 0.487], and bfv for remaining osc. parameters,
m3 ∈ [0.04496, 0.4138], mββ ∈ [0.064, 0.398],
∑
mi ∈ [0.178, 1.25]
pi + pi 0
IH, by best fit values of oscillation parameters,
(m1, m2, m3) = (0.05004, 0.05078, 0.01142), mββ = 0.019
pi + pi pi
IH, sin2 θ23 ∈ [0.389, 0.448], sin2 θ12 = [0.325, 0.344]
and bfv for remaining osc. parameters, m3 ∈ [0, 0.001379], mββ ∈ [0.0146, 0.0165]
pi - 0 pi
IH, sin2 θ23 ∈ [0.389, 0.488], and bfv for remaining osc. parameters,
m3 ∈ [0.04473, 0.6183], mββ ∈ [0.064, 0.59],
∑
mi ∈ [0.178, 1.86]
0 + pi 0
NH, sin2 θ23 ∈ [0.621, 0.643], and bfv for remaining osc. parameters,
m3 ∈ [0.1246, 0.5928], mββ ∈ [0.046, 0.24],
∑
mi ∈ [0.354, 1.77]
0 - 0 pi
NH, sin2 θ23 ∈ [0.49, 0.643], and bfv for remaining oscillation parameters,
m3 ∈ [0.05803, 0.5187], mββ ∈ [0.0286, 0.4938],
∑
mi ∈ [0.1196, 1.551]
pi - 0 pi
NH, sin2 θ23 ∈ [0.49, 0.643], and bfv for remaining oscillation parameters,
m3 ∈ [0.05821, 0.5209], mββ ∈ [0.02895, 0.4959],
∑
mi ∈ [0.1205, 1.558]
Table 6: Results from P7 type texture. ”p” stands for a sign of a square root in (4.37). Masses are
given in eVs.
5 Relating cosmological CP and δ
As we have already seen, from certain 2T0Y32’s complex phases cannot be factored out. Such cou-
plings are: T4, T7, T9 and they give rise to complex mass matrices. Here we calculate phase φ in
terms of the CP phase entering in neutrino oscillation. Recall that the δ is predicted from the neu-
trino mass matrices (3.11),(3.12),(3.20),(3.25), which we have considered. Keeping in mind (4.6),
we use (4.1) and (4.2) to find the numerical value of phase φ in each case.
Case of M
(12)
T4
(Texture P1):
Equating (2,2), (3,3) and (2,3) matrix elements of both sides in Eq. (4.1), we get the relations:
2a2b2|m¯|eiφm¯ = e2iω2A22, 2a3b3eiφ|m¯|eiφm¯ = e2iω3A33, (a3b2 + a2b3eiφ)|m¯|eiφm¯ = ei(ω2+ω3)A23,
(5.1)
with
Aij = U∗i1U∗j1m1 + U∗i2U∗j2m2eiρ1 + U∗i3U∗j3m3eiρ2 . (5.2)
Note, that from the neutrino sector all Aij numbers are determined. Dividing the last relation in
(5.1) in turn on the 1-st and 2-nd relations and then multiplying resulting two equations, we get
the following relation:
xeiφ =

 A23√A22A33 ±
√
A223
A22A33 − 1


2
, x ≡ a2b3
a3b2
. (5.3)
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Therefore, we have:
φ = Arg



 A23√A22A33 ±
√
A223
A22A33 − 1


2
 . (5.4)
From here, using results given in Table 1, we find numerical value of φ:
φ = ±1.287. (5.5)
In a pretty similar way, for remaining three neutrino mass matrices (3.12),(3.20),(3.25), for the
phase φ we get:
φ = Arg



 A23√A22A33 ±
√
A223
A22A33 − 1


2
 , φ = Arg



 A13√A11A33 ±
√
A213
A11A33 − 1


2
 ,
(5.6)
φ = Arg



 A12√A11A22 ±
√
A212
A11A22 − 1


2
 , (5.7)
which yield
φ = ±1.169, φNH = ±2.957 and φIH = ±3.124,
φNH = ±3.058 and φIH = ±3.136 (5.8)
respectively. For these we have used results given in Tables: 2, 3 and 4 resp. Note, that φ phases
in all four cases have been found for the reason that with a predictive neutrino sector there is
no undetermined parameter. This makes the whole scenario really attractive to study the baryon
asymmetry via the leptogenesis (for similar studies see: [14], [15], [32–35], [64]). As mentioned, since
the φ participates in the coupling of RHN states with l and hu (2.1) it will control CP asymmetric
decays of the N states. Thus, it is interesting to look into the details of the leptogenesis within the
scenarios we have considered here. This will be pursued in a subsequent work [65].
6 Conclusions
Within the MSSM augmented with two quasi-degenerate right-handed neutrinos, we analyzed all
possible two texture zero 3 × 2 Yukawa matrices, which together with minimal d = 5 operator
couplings contribute to the light neutrino mass matrices. All viable neutrino mass matrices have
been investigated and predictive relations were derived. Cosmological CP violation has been related
to the leptonic CP violating δ phase. Further work will be focused on details of realizations of
resonant leptogenesis. It is also desirable to get texture zeros with the help of flavor symmetries in
a spirit of Refs. [18], [32], [66–78]. These and related issues will be addressed elsewhere.
Acknowledgments
Research of Z.T. is partially supported by Shota Rustaveli National Science Foundation (Contracts
No. 31/89 and No. DI/12/6-200/13).
18
References
[1] G. L. Fogli, E. Lisi, A. Marrone, D. Montanino, A. Palazzo and A. M. Rotunno, Phys. Rev.
D 86, 013012 (2012).
[2] M. C. Gonzalez-Garcia, M. Maltoni and T. Schwetz, JHEP 1411, 052 (2014).
[3] P. Minkowski, Phys. Lett. B 67, 421 (1977).
[4] M. Gell-Mann, P. Ramond and R. Slansky, Conf. Proc. C 790927, 315 (1979).
[5] T. Yanagida, Conf. Proc. C 7902131, 95 (1979).
[6] S. L. Glashow, NATO Sci. Ser. B 61, 687 (1980).
[7] R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44, 912 (1980).
[8] J. Schechter and J. W. F. Valle, Phys. Rev. D 22, 2227 (1980).
[9] J. Schechter and J. W. F. Valle, Phys. Rev. D 25, 774 (1982).
[10] M. Fukugita and T. Yanagida, Phys. Lett. B 174, 45 (1986).
[11] G. F. Giudice, A. Notari, M. Raidal, A. Riotto and A. Strumia, Nucl. Phys. B 685, 89 (2004).
[12] W. Buchmuller, P. Di Bari and M. Plumacher, Annals Phys. 315, 305 (2005).
[13] S. Davidson, E. Nardi and Y. Nir, Phys. Rept. 466, 105 (2008).
[14] P. H. Frampton, S. L. Glashow and T. Yanagida, Phys. Lett. B 548, 119 (2002).
[15] P. H. Frampton, S. L. Glashow and D. Marfatia, Phys. Lett. B 536, 79 (2002).
[16] A. Ibarra and G. G. Ross, Phys. Lett. B 591, 285 (2004).
[17] G. C. Branco, M. N. Rebelo and J. I. Silva-Marcos, Phys. Lett. B 633, 345 (2006).
[18] H. Fritzsch, Z. z. Xing and S. Zhou, JHEP 1109, 083 (2011).
[19] S. Dev, S. Kumar, S. Verma and S. Gupta, Phys. Rev. D 76, 013002 (2007).
[20] Z. z. Xing, Phys. Lett. B 530, 159 (2002).
[21] W. Grimus and P. O. Ludl, Phys. Lett. B 700, 356 (2011).
[22] S. Dev, R. R. Gautam, L. Singh and M. Gupta, Phys. Rev. D 90, no. 1, 013021 (2014).
[23] S. Zhou, Chin. Phys. C 40, no. 3, 033102 (2016).
[24] T. Kitabayashi and M. Yasu, Phys. Rev. D 93, no. 5, 053012 (2016).
[25] D. Meloni, A. Meroni and E. Peinado, Phys. Rev. D 89, no. 5, 053009 (2014).
19
[26] A. Merle and W. Rodejohann, Phys. Rev. D 73, 073012 (2006).
[27] E. I. Lashin and N. Chamoun, Phys. Rev. D 85, 113011 (2012).
[28] K. N. Deepthi, S. Gollu and R. Mohanta, Eur. Phys. J. C 72, 1888 (2012).
[29] J. Liao, D. Marfatia and K. Whisnant, Phys. Rev. D 88, 033011 (2013).
[30] R. R. Gautam, M. Singh and M. Gupta, Phys. Rev. D 92, no. 1, 013006 (2015).
[31] N. Nath, M. Ghosh and S. Gupta, arXiv:1512.00635 [hep-ph].
[32] K. S. Babu, A. G. Bachri and Z. Tavartkiladze, Int. J. Mod. Phys. A 23, 1679 (2008).
[33] K. S. Babu, Y. Meng and Z. Tavartkiladze, arXiv:0812.4419 [hep-ph].
[34] K. Harigaya, M. Ibe and T. T. Yanagida, Phys. Rev. D 86, 013002 (2012).
[35] S. F. Ge, H. J. He and F. R. Yin, JCAP 1005, 017 (2010).
[36] M. Flanz, E. A. Paschos, U. Sarkar and J. Weiss, Phys. Lett. B 389, 693 (1996).
[37] A. Pilaftsis, Phys. Rev. D 56, 5431 (1997).
[38] A. Pilaftsis and T. E. J. Underwood, Nucl. Phys. B 692, 303 (2004).
[39] S. Blanchet and P. Di Bari, New J. Phys. 14, 125012 (2012).
[40] P. S. B. Dev, P. Millington, A. Pilaftsis and D. Teresi, Nucl. Phys. B 897, 749 (2015).
[41] P. S. Bhupal Dev, P. Millington, A. Pilaftsis and D. Teresi, Nucl. Phys. B 886, 569 (2014).
[42] P. S. Bhupal Dev, P. Millington, A. Pilaftsis and D. Teresi, Nucl. Phys. B 891, 128 (2015).
[43] M. Y. Khlopov and A. D. Linde, Phys. Lett. B 138, 265 (1984).
[44] J. R. Ellis, D. V. Nanopoulos and S. Sarkar, Nucl. Phys. B 259, 175 (1985).
[45] S. Davidson and A. Ibarra, Phys. Lett. B 535, 25 (2002).
[46] K. Kohri, T. Moroi and A. Yotsuyanagi, Phys. Rev. D 73, 123511 (2006).
[47] M. Magg and C. Wetterich, Phys. Lett. B 94, 61 (1980).
[48] G. Lazarides, Q. Shafi and C. Wetterich, Nucl. Phys. B 181, 287 (1981).
[49] R. N. Mohapatra and G. Senjanovic, Phys. Rev. D 23, 165 (1981).
[50] R. Foot, H. Lew, X. G. He and G. C. Joshi, Z. Phys. C 44, 441 (1989).
[51] E. Ma, Phys. Rev. Lett. 81, 1171 (1998).
[52] A. Zee, Phys. Lett. B 93, 389 (1980).
20
[53] K. S. Babu, Phys. Lett. B 203, 132 (1988).
[54] K. S. Babu and J. Julio, Phys. Rev. D 85, 073005 (2012).
[55] Z. Tavartkiladze, Phys. Lett. B 528, 97 (2002).
[56] P. Fileviez Perez, T. Han, G. y. Huang, T. Li and K. Wang, Phys. Rev. D 78, 015018 (2008).
[57] B. Bajc, M. Nemevsek and G. Senjanovic, Phys. Rev. D 76, 055011 (2007).
[58] K. S. Babu, S. Nandi and Z. Tavartkiladze, Phys. Rev. D 80, 071702 (2009).
[59] F. Bonnet, D. Hernandez, T. Ota and W. Winter, JHEP 0910, 076 (2009).
[60] K. Kumericki, I. Picek and B. Radovcic, Phys. Rev. D 86, 013006 (2012).
[61] Z. z. Xing and S. Zhou, Phys. Lett. B 679, 249 (2009).
[62] M. B. Gavela, T. Hambye, D. Hernandez and P. Hernandez, JHEP 0909, 038 (2009).
[63] K. A. Olive et al. [Particle Data Group Collaboration], Chin. Phys. C 38, 090001 (2014).
[64] P. H. Frampton, Int. J. Mod. Phys. A 20, 1188 (2005).
[65] A. Achelashvili, Z. Tavartkiladze, in preparation.
[66] S. Pakvasa and H. Sugawara, Phys. Lett. B 73, 61 (1978).
[67] P. Binetruy, S. Lavignac and P. Ramond, Nucl. Phys. B 477, 353 (1996).
[68] S. Lola and J. D. Vergados, Prog. Part. Nucl. Phys. 40, 71 (1998).
[69] F. Vissani, JHEP 9811, 025 (1998).
[70] Q. Shafi and Z. Tavartkiladze, Phys. Lett. B 448, 46 (1999).
[71] R. Barbieri, L. J. Hall, G. L. Kane and G. G. Ross, hep-ph/9901228.
[72] Z. Berezhiani and A. Rossi, Nucl. Phys. B 594, 113 (2001).
[73] E. Ma and G. Rajasekaran, Phys. Rev. D 64, 113012 (2001).
[74] J. L. Chkareuli, C. D. Froggatt and H. B. Nielsen, Nucl. Phys. B 626, 307 (2002).
[75] K. S. Babu and J. Kubo, Phys. Rev. D 71, 056006 (2005).
[76] C. Hagedorn, M. Lindner and R. N. Mohapatra, JHEP 0606, 042 (2006).
[77] S. Nandi and Z. Tavartkiladze, Phys. Lett. B 661, 109 (2008).
[78] S. F. King and C. Luhn, Rept. Prog. Phys. 76, 056201 (2013).
21
